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ABSTRACT

An idealized primitive equation model is used to determine the factors controlling the dynamics and mainte-
nance of eddy activity in a storm track. The results show that localized regions of enhanced baroclinicity do
not necessarily lead to localization of eddy activity. By studying the energetics of the storm track, it is shown
that while baroclinic conversion does indeed correlate with the region of maximum baroclinicity, it is the
downstream radiation of energy through the ageostrophic geopotential fluxes which acts as a trigger for the
development and maintenance of eddy activity over less baroclinic regions, extending the region of eddy activity
much further downstream from the region of high baroclinicity. Examples of eddy life cycles are given that
show that convergence and divergence of ageostrophic fluxes can dominate baroclinic and barotropic conversion,
especially in regions with weak baroclinicity. Factors that may limit the zonal extent of a storm track are
discussed. Evidence of downstream development over the wintertime Pacific storm track based on analyses of

ECMWEF data is also shown.

1. Introduction

The existence of latitudinally and longitudinally
confined storm tracks in the Northern Hemisphere
winter over the Pacific and Atlantic in the midlatitudes
has been well documented | for example, see Blackmon
(1976); Lau and Wallace (1979); and more recently
Wallace et al. (1988); see also Fig. 13]. Storm fre-
quency maxima occur just downstream of the region
of maximum land-sea contrast off the east coast of the
continents, where diabatic heating by the warm ocean
leads to enhanced baroclinicity in the atmosphere. It
seems reasonable to assume that the existence and lo-
cations of the storm tracks is somehow related to the
existence of these strongly baroclinic regions.

One commonly used measure of the baroclinicity of
the atmosphere is the maximum Eady growth rate
(Eady 1949; Hoskins and Valdes 1990):

opr = 0.31f (1.1)
Using ECMWF data, Hoskins and Valdes (1990)
showed that the location of regions of high baroclinicity
over the mean Northern Hemisphere winter conditions
correlate very well with regions of high eddy activity.
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They thus concluded that the time mean flow is con-
sistent with the existence of the storm track. Using a
model linearized about the zonal flow, Hoskins and
Valdes computed the steady response of the atmosphere
to eddy forcing by eddy heat fluxes, eddy momentum
fluxes, and diabatic heating. From their experiments,
they showed that diabatic heating is essential to the
maintenance of the high baroclinicity over the storm
track region and thus is essential to the maintenance
of the storm track. They further argued that since the
diabatic heating over the storm track regions is caused
by horizontal and vertical displacements associated
with individual storms, the storm tracks can, in that
sense, be considered self-maintaining.

If we examine the results of Hoskins and Valdes
(1990) closely, we can see that while the regions of
maximum diabatic heating are located more or less
over the western boundary currents of the oceans, the
regions of maximum eddy activity actually are located
downstream of those regions and extend quite some
distance downstream into regions of lower baroclin-
icity. While diabatic heating clearly acts to maintain
the baroclinicity of the regions directly over the
boundary currents, the precise reasons for the down-
stream extension of the storm track over less baroclinic
regions is not completely explained.

The problem of baroclinic instability of zonally
varying flows has been studied by Pierrchumbert
(1984) using a linear two-layer quasigeostrophic model.
From his linear studies, he concluded that for infinite
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channels, localized enhanced baroclinicity will lead to
localized modes only if the basic flow is absolutely un-
stable over some region, while if the basic flow is “‘con-
vectively” unstable in all regions, it will only have spa-
tially amplifying modes and no localized modes. For
periodic channels, the situation is a bit more complex.
Pierrchumbert also showed that, in this case, even if
the basic state is convectively unstableé without being
absolutely unstable anywhere, there still exist modes
with localized maxima in wave amplitude. However,
these modes, which he called global modes, need at
least a few global traverse times to become established,
and he concluded that these modes are probably un-
likely to be important in the real atmosphere. Thus,
the question of whether localized baroclinicity in a
convectively unstable atmosphere can lead to localized
maxima in eddy activity remains unanswered.

The situation only becomes more complex when we
consider that atmospheric disturbances are not linear.
As Pierrehumbert pointed out, nonlinearity first be-
comes important near the region of peak amplitude of
the linear modes and will limit the growth in those
regions first. Hence, any localization will be spread out
by nonlinearity. Furthermore, Simmons and Hoskins
(1979) and more recently Orlanski and Chang (1993)
pointed out that baroclinic waves develop downstream
through downstream radiation of energy. Orlanski and
Chang showed that downstream radiation of ageo-
strophic geopotential fluxes by an upstream eddy acts
as a trigger for the development of downstream cy-
clones. This mechanism could lead to the extension of
eddy activity in the zonal direction. Thus, it is still not
clear what governs the spatial extent of eddy activity
in the atmosphere. .

In this paper, we will try to gain some insight into
what controls the spread of a storm track by studying
the dynamics of a model storm track in a zonally vary-
ing background flow. The numerical model and ex-
periment design will be summarized in section 2, and
- the results will be briefly summarized in section 3. The
effects of the eddies on the mean flow will be discussed
in section 4, and section 5 will examine the spatial
distribution of eddy activity in the zonally varying
baroclinic flow. In sections 6 and 7, we will study the
energetics of individual eddies and of the whole model
storm track, respectively. The results will show that
downstream development of baroclinic waves is re-
sponsible for extending the storm track in the zonal
direction. We will discuss in section 8 some factors
which may control the zonal extent of a storm track.
In section 9, we will look at some evidence of down-
stream development over the Pacific wintertime storm
track. The conclusions are presented in section 10.

2. Experiment description

a. The numerical model

The model used in this study is a simplified version
of the gridpoint primitive equation model of Ross and
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Orlanski ( 1982). Major simplifications employed here
include the neglect of moisture effects, the use of the
Boussinesq approximation, and the use of a beta chan-
nel instead of full spherical geometry. This version of
the model has been described in Orlanski and Chang
(1993).

The initial basic state is that of a zonally symmetric
baroclinic jet with the following profile:
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The basic-state potential temperature is in thermal
wind balance with the jet, and the stability is set by
fixing the minimum Richardson number of the flow:

. N g 90 5
Ri 12 (00 6z)/A , (2.2)
(see Fig. 4a for a meridional cross section of the initial
state). The model is periodic in the zonal direction. A
grid size of 200 km and a channel length of 30 000 km
is used for the numerical runs. The width of the channel
(L,) is set to be 10 000 km and the jet width (Lg) is
taken to be 6000 km. The vertical resolution is 1 km,
fo is set to be 107*s™!, and B is taken to be 1.6
X 107" m~'s~!. A fourth-order horizontal diffusion
is used to parameterize subgrid-scale dissipation and a
diffusion coefficient of 1 X 10'® m* s~ is used for the
experiments. A Laplacian vertical diffusion with a dif-
fusion coefficient of 5 m? s~ is also used.
A simple surface friction of the form

Fs = —kp(z)|vs| Vs, (2.3)

is used in the experiment. This form has been used by
Simmons and Hoskins (1978 ) and is a simple approx-
imation to the bulk aerodynamic stress formulation.
The value of kris set to be 4 X 10~ m™! for the lowest
level at 500 m, one-third of that value at 1500 m, and
zero above. (Although they will not be presented, ex-
periments without surface friction have also been per-
formed and the results are qualitatively similar to those
with surface friction except that an unrealistically
strong barotropic jet is formed due to the lack of dis-
sipation. We have also performed experiments with
stronger friction and obtained qualitatively similar re-
sults.)

b. The experimental setup

All of the experiments use a basic-state jet (2.1) with
A =0.004 s~! and a minimum Richardson number of
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10, equivalent to a total north-south horizontal tem-
perature difference of about 37°, and a vertical poten-
tial temperature gradient of 4° km™!, which is fairly
typical of Northern Hemisphere winter conditions. The
integration starts with a zonally symmetric jet without
eddies.

One of the goals of this study is to investigate the
eddy response to zonally changing baroclinicity, and
to determine whether zonally changing baroclinicity
will limit the zonal extent of the storm track. In order
to introduce a region of enhanced baroclinicity, we
introduce a sponge region which is centered around x
= (). Inside the sponge, temperature and momentum
are restored toward the initial basic state by way of a
Newtonian damping. The sponge has a Gaussian shape
in the zonal direction, and has a minimum damping
time scale of 0.1 day. Thus, eddies are effectively
damped out inside the sponge and cannot recycle across
x = 0, and the result is essentially a downstream ex-
periment for a truncated semi-infinite channel. Per-
turbations are introduced near the left boundary (x
= 2000 km, just downstream of the sponge) by a baro-
tropic source of heating, with maximum amplitude of
2° d~!. This forcing is periodic with a period of 5 days,
similar to the period of the most unstable normal mode.
Eddies that develop downstream of the sponge tend to
destroy the baroclinicity of the downstream regions, as
expected from normal-mode life cycle experiments and
downstream experiments. After some time, we expect
the baroclinicity immediately downstream to be much
stronger than that in regions further downstream.

The existence of the sponge necessitates, of course,

the constant input of small perturbations at or near -

the inflow boundary in order to excite unstable eddies
in the interior of the domain. We have tried various
different forcings, and found that the results obtained
are not affected by either the form, the periodicity, or
the amplitude of the forcing, except that the storm track
(shown in Fig. 6) is shifted to the right when we use
weaker forcing. We believe that the exact form of the
forcing does not affect the conclusions of this study.

The experiment was integrated for a total of 200
days, starting from the basic flow without any pertur-
bations. In the next section, we will briefly describe the
results of the experiment, and a more detailed analysis
will be presented in sections 4-7.

3. Brief description of experiment results

Snapshots of the temperature and pressure at the
lowest level (500 m) and the pressure at the uppermost
level (9.5 km) on day 50 of the integration are shown
in Fig. 1. With a source of heating on the left side of
the channel, we can see that disturbances develop over
the region and continue to amplify while being ad-
vected downstream by the background westerly flow,
with eddies extending all the way to the right side of
the channel. Even though the channel is periodic, the
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FiG. 1. Horizontal distributions of potential temperature at the
lowest model level (500 m), pressure at the lowest model level, and
pressure at the highest model level (9.5 km), taken on day 50 of the
model run. The contour intervals are 5°C for temperature, and 5
mb for pressure.

existence of the sponge around x = 0 ensures that no
disturbances pass through the region. All eddies are
essentially dissipated at the far right of the channel.

Previous studies of the life cycle of baroclinic waves
have shown that nonlinear feedback by the eddies on
the mean flow will tend to reduce the instability of the
mean flow by reducing the horizontal temperature gra-
dient and increasing the vertical stability of the mean
state (e.g., see Simmons and Hoskins 1978, 1980; Gall
et al. 1979). Figure 1 shows clearly that the eddies do
reduce the horizontal gradients over the right half of
the channel. However, the temperature gradient is still
relatively strong over the left half of the channel im-
mediately downstream of the sponge, since in this re-
gion eddies are relatively weak. Hence there is a relative
maximum of baroclinicity over the left half of the
channel, with baroclinicity decreasing downstream
(toward the right). We will return to this point in sec-
tion 4.

The evolution of the solution is illustrated in Fig. 2,
which shows a Hovmoller diagram of the vertical mean
eddy kinetic energy at the central latitude of the chan-
nel. The vertical axis is time in days, and the horizontal
axis is distance in the zonal direction. Here, the eddies
are defined by using a simple ‘“high-pass” 24-h differ-
ence filter used by Wallace et al. (1988) [see Wallace
et al. (1988) for details]. From Fig. 2, we see that eddies
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begin appearing after a few days on the left side of the
channel, near the region where the heating is applied.
Individual eddies can be seen to move downstream
with a phase speed of about 11 ms™', and have a wave-
length of about 3900 km. According to the theory of
spatial instability (e.g., Pierrechumbert 1984, Merkine
1977), the dominant perturbations observed should
have wavelengths and phase speeds equal to that of the
most unstable normal mode of the flow. For the basic
state given by (2.1), the most unstable normal mode
has a wavelength of about 4000 km (see also Fig. 5),
and a phase speed of about 13 m s™!, which are very
similar to the values estimated from Fig. 2. The indi-
vidual eddies can be seen to have a definite life cycle
of growth and decay as they move downstream. In
contrast to the stabilization of the right side of the
channel noted previously, there appears to be little dif-
ference in the amplitudes of the eddies over the length
of the channel.

In addition to illustrating the life cycles of individual -

eddies, Fig. 2 also shows that eddies tend to develop
in groups, with the first one developing on the left side
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FIG. 2. Hovmoller diagfam showing the evolution of eddy kinetic energy for day 1 to day 200.
The vertical axis denotes time in days, and the horizontal axis is zonal distance along the central
latitude of the channel.

of the channel, a second one appearing to the right
shortly after the first, and subsequent eddies developing
further downstream at later times, with the whole group
propagating downstream as a coherent wave packet.
Lee (1991) also found coherent wave packets existing
in both idealized models and in observations, and dis-
cussed the dynamics of nonlinear wave packets in. de-
tail. Such behavior is a characteristic signature of the
downstream development of baroclinic waves. Orlanski
and Katzfey (1991) and Orlanski and Chang (1993)
have shown that the life cycle of baroclinic waves in
downstream developments could be quite different
from the life cycle of normal-mode developments, the
latter having been discussed thoroughly by, among
others, Simmons and Hoskins (1978, 1980). We found
that the life cycle behavior of individual waves has im-
portant implications for the dynamics of the storm
track in our model, and the life cycles of individual
waves will be discussed in greater detail in section 6.
Linear spatial instability theory also predicts that
the peak of the wave packet should move downstream
at the real group velocity, dw,/dk, evaluated at the
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most unstable wavenumber. For the basic state given
by (2.1), this group velocity can be found to be about
15.5 m s™! using eigenvalue analysis. From Fig. 2, we
see that the peaks of the wave groups propagate down-
stream at an apparent group velocity of about 35 m s ™!,
much faster than the group velocity predicted by the
linear theory. The reason is that our experiment is
nonlinear, with each eddy undergoing a nonlinear cycle
of growth and decay. With upstream eddies (which
appeared first) decaying due to nonlinearity instead of
continuing to grow indefinitely as predicted by linear
theory, the peak of the wave group will appear to move
downstream with a speed much faster than the group
velocity predicted from the linear theory. In fact, the
apparent group velocity observed in Fig. 2 is equal to
the speed at which the fringes of a localized wave packet
spread out (e.g., Farrell 1982; Pierrehumbert 1986).

4. Effects of eddy activity on the mean flow

Previous life cycle experiments have shown that
baroclinic waves in their nonlinear stage tend to reduce
the instability of the mean flow, with eddy heat fluxes
reducing the horizontal temperature gradient and in-
creasing the vertical stability. This behavior is also ev-
ident in the current experiment (see Fig. 1), in which
the horizontal temperature gradient over the right half
of the channel is substantially reduced after approxi-
mately 50 days. In this section, we will examine more
thoroughly the feedback of the eddies upon the mean
flow.

a. Changes in the mean flow

Figure 3 shows the baroclinicity index [as defined
in Eq. (1.1)] computed by using the time mean for
days 180 to 200. The vertical gradients are computed
using differences between 3.5 km and 1.5 km levels.
The maximum value of the initial undisturbed state is
about 0.88. Again, we see the maximum in baroclin-
icity over the left side of the channel just downstream
of the sponge, with the baroclinicity decreasing further
downstream. Over the right side of the channel, the
baroclinicity has been significantly reduced in the mid-

BAROCLINICITY INDEX (DAY 180-200)
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FIG. 3. Baroclinicity index computed using 20-day time mean
fields centered on day 190. The shaded regions mask out areas of
strong baroclinicity (og; > 0.6 hatched) and weak baroclinicity (op;
< 0.2 stippled), respectively. Contour interval is 0.2.
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dle latitudes, with stronger baroclinicity both to the
north and to the south. This is in agreement with pre-
vious life cycle studies which showed that the feedback
of the eddies on the mean flow tends to produce a
rather barotropic jet and reduce the temperature gra-
dients significantly, while increasing the temperature
gradients both north and south of the jet.

Figure 4 shows the meridional cross sections of tem-
perature and zonal wind for the zonal mean computed
for the left third of the channel (just downstream of
the sponge) and the right third of the channel (just
upstream of the sponge), again using time mean data
for days 180 to 200. Roughly speaking, these two cross
sections depict the mean conditions experienced by
waves within the left and right sides of the channel
during the later part of the experiment. (Although we
have chosen to show the cross sections using data from
days 180 to 200, the mean state for any period of time
after day 40 is not significantly different from that
shown in Fig. 4.) The initial, unperturbed temperature
and zonal wind profiles are shown in Fig. 4a. Com-
paring the cross sections, we see that the temperature
gradients in the lower troposphere over the right third
of the channel have indeed been significantly weakened
by eddy activity, with the westerly jet becoming much
narrower and more barotropic compared to the initial
state. On the other hand, since the amplitudes of the
eddies are still relatively weak over the left third of the
channel, the change in the mean state is relatively mi-
nor, even after 200 days. The use of a § plane for our
experiment has led to a sharpening of the jet without
any northward shift, since the eddy momentum fluxes
converge toward the jet axis from both sides (e.g., see
Moura and Stone 1976). Other experiments (not
shown here) using a sinusoidally varying f'clearly show
a shift of the jet toward higher latitudes.

b. Growth rates for the modified mean flows

One way to quantify the change in the mean state
is by comparing the maximum growth rates of nor-
mal modes for the different basic states. A linear ver-
sion of the model was used to formulate an initial-
value problem, and the maximum growth rate of
various wavelengths for the three basic states shown
in Fig. 4 was computed. The model was initialized
with a sinusoidal perturbation in the zonal direction,
and integrated until the growth rate reached a con-
stant value, at which time the solution was domi-
nated by the fastest growing normal mode for that
wavelength. The maximum growth rates for various
wavelengths are shown in Fig. 5. The solid curves
show the results without including the effects of sur-
face friction, while the dashed curves show the results
including an approximation of the friction by li-
nearizing about the surface mean wind. First let us
look at the results without friction. The fastest grow-
ing normal mode based on the experiment initial
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FiG. 4. Meridional cross section of potential temperature (dashed
lines, contour interval 5°C) and zonal velocity (zero and positive
shown by solid curves, negative values shown by dotted curves, con-
tour interval 5 m s™!): (a) initial undisturbed basic state for all ex-
periments, (b) time and zonal mean flow for the left third of the
channel for days 180-200, (c) time and zonal mean flow for the right
third of the channel for days 180-200. Zonal winds between 10 and
15 m s~', and temperatures from 5° to 10°C are shaded to enhance
the differences between the three panels.

conditions has a wavelength of approximately 4000
km with a growth rate of around 0.48 day~!. The
growth rates based on conditions in the left half of
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the channel (after 200 days) are somewhat lower,
but the maximum growth rate is still around 0.33
day~'. However, for conditions in the right third of
the channel, the fastest-growing mode has shifted to
shorter wavelengths, and the maximum growth rate
has dropped to about 0.15 day~! for waves with
wavelengths greater than 2400 km.

Let us now examine the growth rates with the effects
of friction included. We see that the growth rates for
all three cases are reduced, but the reduction is smallest
for the initial basic state. This is because we have ap-
proximated the effect of friction by linearizing about
the surface mean wind, effectively computing the initial
growth rate for infinitesimal perturbations. Inspecting
Fig. 4, we see that the surface mean wind is weakest
for the initial basic state and is stronger for the two
other cases. We expect that as eddies grow, the nonlin-
ear effect of surface friction will further reduce the
growth rate [e.g., see Valdes and Hoskins (1988) and
references therein ]. The maximum growth rates based
on the left half of the channel have now dropped to
about 0.25 day™!, and those for the right half of the
channel have dropped to 0.1 day ™! or less.

The principal conclusion from Fig. 5 is that there is
a significant change in the instability of the flow along
the zonal direction in the channel, with maximum
baroclinicity (instability ) over the left side of the chan-
nel just downstream of the sponge region, and very
weak baroclinicity over the right side of the channel.
In the next section, we will examine whether this lo-

MAXIMUM NORMAL MODE GROWTH RATE
) 0T o e o B L A L B BN AL LM LSRR B

T

GROWTH RATE (day-1)
\
A
>
A}
'
i
!
/
/

[¢] TSI FPEEY ST TN
1000 2000 3000

o L

Il il

Ll sl L,
4000 5000 6000

WAVELENGTH (km)

FIG. 5. Maximum linear normal-mode growth rate (day ~*) versus
wavelength. The three different labels A, B, and C are for the three
different meridional cross sections shown in Fig. 4. Solid curves show
the growth rates without including the effects of surface friction, while
the dashed curves show the results including surface friction linearized
about the surface mean wind.
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calization of high baroclinicity has any effect on the
spatial distribution of eddy activity.

5. Relation between location of maximum
baroclinicity and eddy activity

In the previous section, we have seen that the feed-
back by the eddies on the mean flow creates a mean
state which is more unstable over the left part of the
channel, and much less unstable over the right part of
the channel. In this section, we will examine the spatial
distribution of eddies corresponding to such a distri-
bution of baroclinicity.

As discussed in section 1, Pierrechumbert (1984)
showed that zonally localized baroclinicity in an infinite
channel will not lead to localized normal modes unless
the basic state is absolutely unstable in some regions,
while “global” modes that have localized amplitude
maxima do exist for periodic channels. In the present
experiment, the sponge located at x = O prevents the
eddies from being recycled across the sponge region,
and our experiment therefore more closely resembles
one performed in a truncated semi-infinite channel
than one in a periodic channel. Since our basic state
is not absolutely unstable, the linear results of Pierre-
humbert (1984 ) suggest that we should observe only
spatially amplifying modes in our study.

However, that conclusion is unclear for our nonlin-
ear experiment. The existence of spatially amplifying
modes in the linear studies depend on the fact that all
eddies will continue to amplify as long as the linear
growth rate is greater than zero. If this is so, as an eddy
moves downstream, it will continue to grow despite
decreasing baroclinicity, giving rise to spatially ampli-
fying modes. If nonlinear effects are included, eddies
will interact with and lose energy to the mean flow,
leading to the decay of the eddies. Hence in nonlinear
studies, all eddies demonstrate a life cycle of growth
and decay, as illustrated by the Hovmaéller diagram in
Fig. 2. In this case, eddies which developed in the
strongly baroclinic zone decay before they can move
into the weakly baroclinic zone, and eddies that exist
deep within the weakly baroclinic zone must have de-
veloped entirely over weakly baroclinic zones. That
the instability in the weakly baroclinic zones is much
smaller opens the question of how eddies can grow, or
even be maintained, in those zones. In subsequent sec-
tions, we will show that downstream development of
baroclinic waves, as discussed in Orlanski and Chang
(1993), plays an important role in maintaining the
eddies in such regions.

The Hovmoéller diagram shown in Fig. 2 indicates
that there is no significant change in the strength of
the eddies over much of the length of the channel. Fig-
ure 6 shows the rms eddy height distribution at the
highest model level (9.5 km), computed using the 24-h
difference filter, where each panel is composed of data
from a 20-day period centered on days 30, 70, 110,
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150, and 190. (The vertical coordinate employed by
the model used in this study is height rather than pres-
sure, but height variations are directly proportional to
pressure variations.) From Fig. 6, we can see the spatial
as well as the temporal evolution of eddy activity. The
rms eddy height distribution over the entire period be-
tween day 40 and day 200 is shown in the last panel.
While the strength of the eddies decreased slightly from

X (10%km)

F1G. 6. Rms eddy height distribution at 9.5 km computed using
the 24-h difference filter for 20-day periods centered on days 30, 70,
110, 150, and 190. The last panel is for the period from day 40 to
day 200. The contour interval is 10 m.



1006

days 20-40 to days 60-80, there was little change after
that time, indicating that a statistically steady state was
reached after, say, day 60. It is obvious that the eddy
activity is confined over the central latitudes of the
channel, and this band of eddy activity can be consid-
ered to be the “storm track™ of our model.

Figure 6 also shows that the eddy activity extends
all the way to the right end of the channel. In some of
the panels, a weak maximum can be seen over the left
half of the channel. However, this maximum is ex-
tremely weak, and certainly cannot be said to constitute
a localization of eddy activity over the strongly baro-
clinic region. If we define the length of the storm track
by the half-width of eddy activity in the zonal direction,
the model storm track in this case has a length in excess
of 20 000 km, and hence we can conclude that for this
experiment, downstream decrease in baroclinicity does
not limit the zonal extension of the storm track.

6. Life cycles of individual eddies inside the storm
track

In order to understand how the eddies are main-
tained in the region of weak baroclinicity, we will, in
this section, focus on the kinetic energy budget of eddies
within the storm track. The eddy kinetic energy equa-
tion is presented and used to compute the budget of
eddies in different regions inside the storm track.

a. The energetics equations

Our use of a localized region of forcing to restore
the baroclinicity means that our basic state will be zon-
ally asymmetric. We therefore compute the energy
budget by defining eddies as deviations from the time
mean flow, as opposed to the zonal mean. The deri-
vation of the energy equations is very similar to that
in Orlanski and Katzfey (1991), and the details will
not be repeated here.

The budget is divided into a time-mean part and an
eddy part by partitioning the velocity and temperature
as follows:

V=V, +v,
©=0+6,+09. (6.1)

Here, the subscript m denotes the time mean, and the
script quantities denote deviation from a time mean.
Further, 6 denotes the distribution of potential tem-
perature for the state of minimum potential energy
(the state of rest) and is thus only a function of z, and
the quantities 6,, and ¢ are deviations from that state.
In this and the next section, our eddies will be defined
as deviation from the time mean, as shown in (6.1).
Note that this definition differs from that of the 24-h
difference filter used in other sections. However, we
will show in section 7 that the results obtained from
using these two definitions of eddies are qualitatively
similar.
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The time-mean kinetic energy, eddy kinetic energy,
time-mean potential energy and eddy potential energy
are defined as follows:

Kn=3(Uh+ V3); Ke=3 @2 +0%);

P,=—20t 2. -
" 200(d/dz) ™ ¢ 200(dB/dz)

Here, U,,,, V,», and u, v are the horizontal components
of the time mean and eddy wind vectors respectively,
and the vertical component is dropped from the kinetic
energy because of the hydrostatic assumption; @ is the
mean temperature of the reference state.

Let us concentrate on the eddy kinetic energy equa-
tion. Using the definitions of (6.1) and (6.2), we can
easily obtain an eddy kinetic energy equation:

oK,
ot

92 (6.2)

+V;-VK, = —(V-v3¢)+®ﬁwo
(V]

—ve(v3:VV,) + v:(v3:Vv) + diss. (6.3)

In (6.3), vector quantities with a subscript 3 represent
three-dimensional vectors, and those without the sub-
script refer to the horizontal components only. An
overbar denotes an average over time. The terms on
the left are the time tendency and advection of eddy
kinetic energy (—D in Fig. 8 and 10). The first term
on the right is the geopotential flux term (A). As
pointed out by Orlanski and Katzfey (1991), since the
geostrophic geopotential flux v, ¢ is nondivergent, this
first term is entirely due to ageostrophic geopotential
fluxes. On a related topic, Grotjahn (1984) showed
that the ageostrophic fluxes can lead to the cross-iso-
baric motion of eddies. Cai and Mak (1990) showed
that these fluxes can contribute significantly to the local
energetics of unstable local modes, leading to a dis-
placement of the maximum eddy perturbation from
the region of maximum energy generation. Both of
these studies apply to linear perturbations. Orlanski
and Katzfey (1991) found that the ageostrophic fluxes
contribute significantly to the growth and decay rates
in the nonlinear life cycles of individual cyclones.

The second term on the right represents the baro-
clinic conversion between eddy potential energy and
eddy kinetic energy (B). The third and fourth terms
can be combined to represent the barotropic conversion
between eddy kinetic energy and mean kinetic energy
(C). The last term on the right represents dissipation
due to surface friction and diffusion. Note that the en-
ergy equation is valid only in the “free” region down-
stream of the sponge, and not valid inside the sponge
area itself where additional forcing terms would be re-
quired. '

b. Energetics of individual eddies

In this subsection, an energy budget is used to ex-
amine the life cycles of two individual eddies. In Fig.
7, we show the evolution of the solution from days 180
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to 190. The pressure at the uppermost model level (9.5
km) is shown every two days. We will concentrate on
the development of the waves inside the boxed areas
in the figure. We see that the wave on the left (wave
“L”) started to deepen on day 180, reached peak am-
plitude around day 184, and then weakened afterwards.
The wave on the right (wave “R”) developed a bit
later, reaching peak amplitude around day 186, and
then weakened. During its development stage, “L” was
located on the left side of the channel, whereas wave
“R” developed more over the right half of the channel,
which was shown in section 4 to be less unstable.

The energy budget for the two waves is computed
following the volumes delineated by the boxed areas
in Fig. 7. The areas are chosen so that they have the
same volume at all times, and are centered over the
eddy kinetic energy maxima, extending from one rel-
ative energy minimum to another. In this section, the
time mean used to define the eddies is taken to be that
of the period from day 180 to 200. The time evolution
of the volume-averaged eddy kinetic energy for the two
waves is shown in the upper panels of Fig. 8. Wave L
displays a life cycle of rapid growth during days 180
to 184, reaching peak amplitude on day 184, and then
decaying afterwards. Wave R grew until day 187 and
then weakened rapidly.

The curves in the lower panels of Fig. 8 show the
contributions to the rate of change of eddy kinetic en-
ergy (volume-averaged ) due to geopotential fluxes (A),
baroclinic conversion (B), barotropic conversion (C),
and advection (D) {see Eq. (6.3)]. From Fig. 8a, we
see that during the time that wave L amplified (days
180 to 184), the term responsible for this growth is the
baroclinic conversion term (B). The barotropic con-
tribution (C) is negative at all times, indicating a con-
version from eddy kinetic energy to mean kinetic en-
ergy. This is to be expected even in a statistically steady
state, since the dissipation of the mean jet by surface
friction and diffusion must be compensated for by some
source of energy in order to maintain the strength of
the jet. The weakening of the wave did not begin until
the ageostrophic geopotential flux term (A) became
strongly negative, indicating dispersion of energy
downstream, similar to the case discussed in Orlanski
and Katzfey (1991). During the decay stage of the
wave, we can see that the ageostrophic geopotential
flux term dominated the barotropic term and was the
main sink of eddy kinetic energy for the wave. Hence,
we can conclude that wave L grew by baroclinic con-
version, but decayed due to downstream radiation of
energy (via the ageostrophic geopotential fluxes), with
barotropic conversion playing only a secondary role.

Next, we turn to the energy budget of wave R, which
reached its peak amplitude on day 187 and then weak-
ened. We see that prior to day 186, the term dominating
the growth was the ageostrophic geopotential flux term
(A), with the baroclinic conversion term (B) becoming
significant only after day 186. This result is similar to
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FI1G. 7. Evolution of pressure at 9.5 km for days 180 to 190, shown
every two days. Contour interval is 5 mb. The boxes in the figure
denote the areas for which the volume budget shown in Fig. 8 is
computed.

that obtained by Orlanski and Chang (1993) using a
similar model. Comparing the energy budget of wave
R with that of wave L, we can see that the source of
ageostrophic flux convergence fueling the development
of wave R from days 182 to 186 was the divergence of
fluxes due to radiation of energy from wave L, which
led to the decay of wave L. In Fig. 9, the vertically
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integrated eddy kinetic energy and ageostrophic geo-
potential flux vectors for three consecutive days (184
to 186) are shown. Notice the radiation of energy from
wave L to wave R. Here we clearly see that the radiation
of geopotential fluxes from an upstream wave led to
the decay of that wave, and became the main source
of energy for the development of a new wave down-
stream. It is clear from Fig. 9 (middle graph, day 185)
that wave R is starting to radiate energy downstream,
triggering the development of another new wave. We
should also note that while on day 188 baroclinic con-
version (B) for wave R did increase to a value just
slightly less than the maximum for wave L, it did not
contribute to the growth of wave R because by that
time it was mostly compensated for by the divergence
of ageostrophic geopotential fluxes (A) and, in fact,
occurred when wave R was already decaying.

In the case of wave R, we see that while the baro-
tropic conversion term (C) is negative all the time,
during the decay stage (after day 187), the loss due to
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divergence of ageostrophic geopotential fluxes is the
stronger (more negative ) term. Like wave L, the decay
of the wave is dominated by divergence of ageostrophic
geopotential fluxes. For wave R, we have a life cycle
of growth due to convergence of ageostrophic fluxes
and decay due to divergence of ageostrophic fluxes,
with baroclinic and barotropic conversions playing only
secondary roles.

In this section, we have examined the life cycles of
two specific waves occurring during the course of the
experiment. However, these two waves are not in any
way unique. We have examined the energy budget of
several other waves, and all of them showed the same
pattern of behavior, with waves in the left (more un-
stable) half of the channel having a life cycle of growth
due to baroclinic processes and decay due to divergence
of ageostrophic fluxes, and waves over the downstream
(more stable) side having a life cycle with both growth
and decay dominated by convergence and divergence
of ageostrophic geopotential fluxes.
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FiG. 9. The contours show the vertically averaged eddy kinetic energy (contour interval 50
m? s72), and the vectors show the vertically averaged ageostrophic geopotential fluxes for days

184, 185, and 186.
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In section 4, we showed that the mean flow over the
right third of the channel is only weakly unstable (with
maximum normal-mode growth rate of about 0.1
day™'), which implies that growth due to baroclinic
conversion over this region will be weak. We can now
begin to understand how the eddies in the weakly un-
stable right half of the channel are maintained. Waves
first develop via baroclinic conversion over the left side
of the channel where the flow is rather unstable. As
those waves amplify, they radiate energy downstream
via ageostrophic geopotential fluxes, and these fluxes
act as the source of energy for the growth of the next
downstream wave. This next downstream wave in turn
will amplify (this time due mainly to convergence of
ageostrophic fluxes from upstream), and it, too, starts
to radiate energy downstream, causing its own decay
but fueling the development of a second downstream
wave. As long as the environment is not strongly dis-
sipative (or otherwise strongly unfavorable for growth),
this process will repeat, itself, leading to the develop-
ment of more waves downstream and maintaining the
eddy activity over weakly baroclinic regions.

One important point to note from the energy budget
of wave R (Fig. 8) is that the energy gained by the wave
during its growth (days 182 to 186) via convergence
of ageostrophic fluxes is roughly equal to the amount
of energy it lost due to divergence of ageostrophic fluxes
during its decay (days 187 to 190). In a time-averaged
budget analysis, ageostrophic flux convergence/diver-
gence will appear to be small, even though it dominates
the development of the wave during both the growth
and decay stages. We will return to this point in the
next section when we discuss the time mean energetics
of the model storm track.

7. Energetics of the model storm track

Let us now examine the time-mean energy budget
of the entire storm track. Figure 10 shows the time-
mean kinetic energy budget computed over days 40 to
200, with each panel showing the contribution to the
rate of change of eddy kinetic energy corresponding to
each of the terms in (6.3). Here, we do not show the
time tendency term, since it is small everywhere and
no contours will show up on a plot of the quantity.
The quantities shown are the vertical and time mean
of the eddy kinetic energy itself, the convergence of
ageostrophic geopotential fluxes (A), baroclinic con-
version (B), barotropic conversion (C), and advection
(D). Dissipation (E) is computed as a residue term.

The storm track, as defined by the eddy kinetic en-
ergy, extends all the way to the right end of the channel,
with only a very weak maximum over the left half of
the channel. (As in the preceding section, we have de-
fined eddies as deviation from the time mean, which
is different from the definition of eddies used when
referring to the 24-h difference filter.) Note the simi-
larity between the eddy kinetic energy distribution
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FIG. 10. Kinetic energy budget for days 40-200. Shown in the
panels are distribution of (a) the eddy kinetic energy, (b) the geo-
potential flux term (A), (c) baroclinic conversion {B), (d) barotropic
conversion (C), (e) the advection term (D), and (f) the residue
(dissipation E). The contour interval is 5 m? s~ for (a) and 5 m? s 2
day~! for (b) through (f).

shown in Fig. 10a with that of the eddy rms height
distribution shown in Fig. 6f, indicating that our earlier
conclusion that the eddy activity extends far down-
stream from the region of strong baroclinicity does not
depend on how the eddies are defined.

We now examine the contributions from the baro-
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clinic conversion term (B). In section 3, we saw that
the feedback from the eddies resulted in a mean flow
which is much more unstable over the left half of the
channel than the right. In Fig. 10, we see that baroclinic
conversion is indeed much stronger over the left half
of the channel. This is consistent with our findings in
section 6 that over the left half of the channel, eddy
growth is dominated by baroclinic conversion, whereas
over the right half of the channel, baroclinic conver-
sion plays only a secondary role in the life cycle of the
eddies.

From Fig. 10, we also see that both barotropic con-
version and dissipation are negative over most of the
channel, and thus represent sinks of eddy kinetic en-
ergy. Over the left half of the channel, we see that ageo-
strophic geopotential fluxes and advection also act as
sinks of eddy kinetic energy, and it is the sum of these
four sinks that balances the strong baroclinic source
over this rather unstable region. If we look at the mag-
nitudes of these four terms, we see that ageostrophic
geopotential fluxes appear to be the strongest sink over
the region, as noted in the previous section. Waves
over the left half of the channel have life cycles dom-
inated by baroclinic growth followed by decay through
downstream radiation of energy via ageostrophic geo-
potential fluxes.

Over the right half of the channel, we see that all the
terms, including the ageostrophic flux term, appear to
be rather weak. If we look at the far right side of the
channel (inside the sponge), we can see a region of
strong dissipation, with strong sources due to advection
and ageostrophic fluxes. This indicates that most of the
energy radiated downstream from the strongly unstable
region over the left half of the channel ended up passing
through the entire right half of the channel, to be de-
posited and dissipated inside the sponge region. Over
the right half of the channel, the net contribution from
- the ageostrophic fluxes in our experiment turns out to
be approximately zero. In fact, we see that over this
region the weak baroclinic conversion approximately
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balances the losses due to barotropic conversion and
dissipation.

We showed in section 6 that the life cycles of waves
over the right half of the channel are dominated by
ageostrophic geopotential fluxes both in the growth and
decay stages. However, we also showed that the amount
of ageostrophic flux convergence (energy gain) expe-
rienced by the wave during its growing stage roughly
balanced the amount of ageostrophic flux divergence
(energy loss) experienced by the wave during its decay
stage, hence the near-zero time integral of the ageo-
strophic fluxes in Fig. 10. Over the right half of the
channel, the ageostrophic fluxes dominate the devel-
opment of individual eddies. The net convergence / di-
vergence in the time-averaged sense is small due to
cancellation, but the time-averaged fluxes are very
large.

In this experiment, we have a localized region of
strong baroclinicity over the left side of the channel
and a very weakly unstable region over the right. An
analysis of the energetics shows that baroclinic con-
version is indeed much stronger over the more unstable
region. However, eddy activity occurs not only over
this highly baroclinic region, but also extends far
downstream to regions that are only weakly unstable.
The downstream eddies are maintained by ageostrophic
geopotential fluxes radiated downstream from eddies
that developed in the more unstable region. This con-
cept is illustrated in Fig. 11. The solid line is the 20
m? s72 contour taken from Fig. 10a which, for all in-
tents and purposes, delineates the storm track. The
shaded region on the left shows the region of maximum
baroclinic conversion (as shown in Fig. 10¢), and the
hatched region marks out the region of maximum dis-
sipation (taken from Fig. 10f). The vectors show the
ageostrophic geopotential fluxes »,p, which extend
from the region of maximum baroclinic generation on
the upstream end of the storm track all the way down-
stream to the end of the channel and maintain the
eddy activity over the right half of the channel.
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FIG. 11. Solid curve: 20 m? s~2 eddy kinetic energy contour. Dotted region: baroclinic conversiqn
over +20 m? s "2 day ! Hatched region: dissipation over —20 m? s =2 day . Arrows: ageostrophic
geopotential flux vectors. The mean from day 40 to day 200 is shown.
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8. Storm track length

In order to demonstrate that the model storm track
length is purely a function of the channel length, an
additional experiment was run with exactly the same
conditions except that the channel length was doubled
to 60 000 km. The eddy activity for this experiment,
as indicated by the rms eddy height distribution for
days 60 to 100, is shown in Fig. 12a. We see that, even
for such a long channel, the storm track still extends
all the way to the right end of the channel with no
significant decrease in strength. In this experiment, the
eddies are dissipated by the sponge over the right end
of the channel. Even though baroclinic conversion is
weak over the right half of the channel, as long as it is
strong enough to balance losses due to barotropic decay
and dissipation, eddy activity will extend downstream
by radiation of energy without decreasing in amplitude.
We could imagine cases where an eddy encounters a
region of strong dissipation or strong stability such that
the baroclinic energy it derives from the mean flow is
insufficient to balance the energy it loses through dis-
sipation or barotropic conversion. In that case, it will
radiate less energy downstream compared to the
amount it receives from its upstream counterpart, and
the next downstream eddy will be weaker, leading to
a downstream decrease in eddy activity.

To illustrate these ideas, we have also investigated
the effects of a zonal change of surface friction by re-
peating the experiment using the long channel, this
time setting surface friction over the right half of the
channel to be four times that over the left half of the
channel. The form of the surface friction is still defined
by (2.3). The integration was started from day 40, using
data from the run with uniform surface friction as the
initial condition, and continued for another 60 days,
up to day 100. Figure 12b shows the rms eddy height
variations for the top model level for days 60 to 100.
Comparing the results of uniform surface friction
shown in Fig. 12a with those of the variable surface
friction shown in Fig. 12b, we see a much more pro-
nounced maximum in eddy activity over the left half
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FiG. 12. (a) Rms eddy height distribution at 9.5 km for days 60-
100, computed using the 24-h difference filter, for a channel whose
length is doubled (60 000 km). (b) Same as in (a) but for a channel
with four times stronger surface friction on the right half.
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FIG. 13. Rms eddy height distribution at 200 mb for Dec/Jan/
Feb from 1980/81 to 1986/87 computed using ECMWF data. The
contour interval is 10 m.

of the channel in the latter case, with relatively weaker
eddy activity over the right half of the channel. Hence,
we can see that a downstream change in surface friction
can lead to a zonal change in the eddy activity. In this
case, a downstream increase in surface roughness led
to a downstream decrease in eddy activity.

Zonal changes in eddy activity are observed in the
real atmosphere. Figure 13 shows the rms eddy height
distribution at 200 mb computed from ECMWF data
for Northern Hemisphere winters ( December, January,
and February) from 1980-81 to 1986-87. Maxima in
eddy activity are evident over the northern Pacific and
northern Atlantic. Based on the results of the preceding
sections, we expect that these zonal variations of eddy
activity cannot be entirely explained by zonal changes
in baroclinicity alone. Obviously, in the present ideal-
ized study, the whole channel is zonally uniform (apart
from the sponge), whereas the real atmosphere pos-
sesses substantial zonal variations due to land-sea con-
trast. The zonally varying distribution of oceans and
continents leads to effects due not only to zonal vari-
ations in baroclinicity (due to the existence of intense
oceanic western boundary currents), but also changes
in surface roughness and stationary wave patterns
caused by mountains. However, there is an interesting
similarity between the observed Southern Hemisphere
eddy activity pattern in Fig. 13 and that in the present
numerical results shown in Fig. 12a. This similarity
may have something to do with the fact that the South-
ern Hemisphere has minimal zonal variation of surface
properties (i.e., mountains, friction) and weaker sta-
tionary waves. In this way, the Southern Hemisphere
storm track more closely resembles the zonally uniform
idealized experiment performed here.

We do not mean to imply that a zonal change in
surface roughness is the only thing responsible for the
observed zonal changes in eddy activity in Fig. 13. In
fact, general circulation model experiments by Manabe
and Broccoli (1990) have shown that in GCM runs
with land but without topography, the model clima-
tological flow and eddy activity are both much more
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zonal than observed, despite zonal variations in surface
roughness and diabatic heating. We therefore expect
the effects of stationary waves induced by mountains
to be important in modulating the eddy activity. Fred-
eriksen (1983) showed, in a linear study, that the ex-
istence of ultralong stationary waves in the atmosphere
leads to localized unstable modes over the storm track
regions. In the light of the results found in this study,
it would be interesting to investigate how those modes
manifest themselves in fully nonlinear experiments,
and how much localization they could produce in the
nonlinear situation. Based on the discussions of Pierre-
humbert (1984), we expect nonlinearity to reduce the
localization indicated by the linear normal modes. Re-
cently, Lee (1991) showed that the existence of sta-
tionary waves due solely to the existence of a mountain
can modulate the propagation of nonlinear wave pack-
ets in weakly baroclinic atmospheres, leading to a
maximum in eddy activity just downstream of the
mountain. How all these effects interact in the real at-
mosphere remains to be investigated.

9. Observational evidence of downstream
development '

In sections 6 and 7, we have shown that downstream
development of baroclinic waves is the process respon-
sible for the extension of our model storm track into
weakly baroclinic regions. The question now is whether
this is a pure artifact of our simple model or an im-
portant physical process in the real atmosphere as well.

In introducing the use of the “trough-and-ridge”
diagram, Hovmoller (1949) showed examples of
downstream developing troughs and ridges over the
eastern Pacific. More recently, Joung and Hitchman
(1982) showed the existence of downstream developing
wave trains across the Eurasian continent during East
Asian polar air outbreaks. However, recent studies such
as Lim and Wallace (1991 ) did not show any evidence
of downstream development of baroclinic waves.

We examined ECMWEF data for the winter seasons
(December /January/February) of 1980/81-1986/87.
The meridional wind component at the 300-mb level
is filtered using a high-pass filter with half response at
a period of 10 days. The filtered data is then averaged
over the latitude band from 35° to 45°N, and time-
lagged correlation is computed based on the time series
at 180° (the date line). The resulting correlation, after
averaging over the seven winter seasons, is shown in
Fig. 14. From the figure, the wavelength and phase
speed of the wave can be estimated to be about 3900
km and 13 m s™!, which are typical values for synoptic-
scale waves (e.g., Blackmon et al. 1984; Lim and Wal-
lace 1991). The main difference between the results
shown here and previous similar analyses is in the
propagation characteristics of the baroclinic wave
trains. In Fig. 14, if we follow the relative maxima in
the correlation pattern, we can identify a downstream
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FiG. 14. One point lag—correlation analysis based on ECMWF
300-mb meridional wind data for Northern Hemisphere winters
(DJF) from 1980-81 to 1986-87. The data is time-filtered with a
10-day high-pass filter and averaged over the latitude band from 35°N
10 45°N. The reference time series is that at 180°E. Contour interval
is 0.1, and the zero contour is not shown. Positive values are shown
as solid lines, and negative as dotted lines.

developing wave train extending all the way from the
Eurasian continent toward the west coast of North
America across the wintertime Pacific storm track.
Similar analyses by Lim and Wallace (1991) and
Blackmon et al. (1984) did not find any indication of
downstream development. We believe that this differ-
ence arises from the use of a difféerent reference variable
and different time filters. Here, we show this result only
to support the ideas developed in this paper. More de-
tails of the data analyses and possible reasons why our
results are different from those of Blackmon et al.
(1984) and Lim and Wallace (1991) are presented in
Chang (1993).

10. Conclusions

The warm ocean currents of the northern Pacific
and Atlantic oceans just off the east coast of the con-
tinents constitute sources of enhanced baroclinicity
over these regions, especially in the winter season. In
this paper, an idealized channel model has been used
to show that the existence of a localized source of en-
hanced baroclinicity, while leading to localized maxima
in the baroclinicity at, or immediately downstream of,
the region, does not necessarily lead to the localization
of eddy activity. While baroclinic conversion is indeed
a maximum immediately downstream of the source of
enhanced baroclinicity, energy radiated downstream
by eddies which develop in this region will trigger and
sustain eddies in the downstream region, despite the
lower baroclinicity there. Hence, the localization of the
baroclinic source does not determine completely the
spatial extent of the storm track. These results under-
score the importance of the ageostrophic geopotential
fluxes discussed in Orlanski and Katzfey (1991) and
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Orlanski and Chang (1993) and represent the funda-
mental difference between downstream development
and normal-mode life cycles. In section 6, we have
shown examples of wave evolution for two waves, one
that developed in the upstream, high-baroclinicity re-
gion, and the other in the downstream, low-baroclin-
icity region. For the former, the growth stage was dom-
inated by baroclinic conversions, and decay was due
primarily to ageostrophic geopotential fluxes. For the
latter, it was found that ageostrophic geopotential fluxes
were dominant during both the developing and decay-
ing stages of the wave. In section 9, using ECMWF
" wind data, we showed indications that downstream de-
velopment occurs over the wintertime Pacific storm
track, suggesting that the process discussed here may
indeed be important in the real atmosphere.

In section 8, we have briefly discussed some of the
factors which may contribute to limiting the down-
stream extension of a storm track. We showed that a
downstream increase in surface roughness could lead
to a significant decrease of eddy activity downstream
and thereby limit the zonal extent of the storm track.
It has also been suggested that orographically induced
stationary waves could also modulate the eddy ampli-
tudes, leading to localization of eddy activity and hence,
limits to the zonal extent of a storm track. Obviously,
zonal changes in baroclinicity due to land-sea contrast,
while perhaps inadequate to fully explain the spatial
extent of a storm track, certainly play an important
role in determining its location. How these (or other)
factors combine to limit the zonal extent of the storm
track in the real atmosphere remains to be seen.
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